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The purposes of this  study were  (a) to examine the 
level,   peripheral or central,   at which complex stimuli are 
encoded or analyzed,   and   (b)   to obtain quantitative meas- 
ures of the  strength of complex stimuli.     Theories of com- 
plex pitch perception (especially V/ightman's  1973b.The 
pattern transformation model of pitch. J.  Acous.  Soc. 
Amer.,  jjH,   h07-U--\6)  bearing on the physiological level of 
pitch  encoding  and the strength of complex stimuli were re- 
viewed,   and a number of complex stimulus presentation meth- 
ods  that would test  the predictions of these  theories were 
described. 
Peripheral vs.   central pitch analysis was examined 
in binaural conditions in which complex tones having dif- 
ferent fundamentals were presented to  separate   ears.     The 
stimuli were   selected such that taken  together,   they had 
the  same fundamental.     If two pitches   (each corresponding 
to  the fundamental of the complex at  each ear)  were heard, 
evidence  for peripheral coding would be  supplied.     If one 
pitch (corresponding  to the fundamental of both complexes 
taken together) were heard,   evidence for central coding 
would be   supplied. 
Pitch strength was measured by three dependent vari- 
ables:     amount of noise required to mask a complex pitch; 
intensity of a comparison tone required to correspond to 
the intensity of a complex tone; and the variability of 
successive pitch value matches of a complex tone. Pitch 
strength was examined in terms of (a) spectral region of 
component stimuli (1200-Hz vs. 2000 Hz), (b) number of com- 
ponents comprising a complex tone (three vs. five), and (c) 
spacing between complex components (200 Hz vs. *t00 Hz). 
Data were collected and analyzed in a repeated meas- 
ures design.  Two pitches were reported in the binaural con- 
ditions, so a peripheral encoding hypothesis was supported. 
The noise intensity measure of pitch strength Indicated 
that the 1200-Hz spectral region yielded stronger pitches 
than the 2000-Hz region; complexes with five components 
were stronger than those with three components; and complex 
tones with !+00 Hz-spacing were stronger than those with 2C0 
Mz-spacing.  The other measures of pitch strength did not 
yield significance but revealed trends that ware in the 
same direction as that for the noise variable. 
It was concluded that while pitch analysis may be 
a central mechanism, information from each ear may be kept 
separate and be analyzed independently.  It was further con- 
cluded that pitch strength can be quantified, and seems to 
depend upon spectral region, number of components in a eon- 
plex, and spacing between complex components, as theorized 
by Wlghtman 0973b). 
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INTRODUCTION 
A longstanding task in the area of sensory psychology- 
has been the development of an adequate theory of pitch 
perception.  If the adequacy of a theory of pitch percep- 
tion is judged in terms of degree of experimental data "ex- 
plained" by the theory, and degree of consonance between 
the theory and auditory physiology , it is clear that no 
theory so far advanced can be termed completely adequate. 
Although no adequate theory of pitch perception has been 
established, it is nevertheless apparent that several theo- 
ries have remained popular over a period of many years. 
Obviously some theories do account for or explain much of 
the data, and supporters of such theories usually consider 
them largely correct. Furthermore, theories that seem to 
account for large portions of the data are reluctantly a- 
bandoned when it is possible that they may be modified to 
accord with data that are initially discrepant with theory, 
or if it is possible to show that discrepant data arc due 
to some kind of experimental error. 
A theory that has retained some degree of popularity 
for over 100 years has been one form or another of the 
Place theory proposed by Helmholtz in 1863. Basically, 
HelmholtZ held that (a) the inner ear analyzed sound by 
means of a system of resonators differentially sensitive to 
frequency, with low and high resonators occupying places 
on the basilar membrane which were apical and basal, re- 
spectively, and (b) the part of the basilar membrane stim- 
ulated determined what pitch was heard.  Stimulation of 
basal resonators resulted in the perception of high pitch, 
and stimulation of apical resonators resulted in the per- 
ception of low pitch. Tenet (a), which characterizes the 
basilar membrane as a kind of Fourier analyzer of acousti- 
cal stimuli, has received qualified support. That is, it 
is believed that the cochlea can "pick out" various fre- 
quencies which are presented together in a complex sound 
wave.  The resolution of a particular frequency by a par- 
ticular section of the basilar membrane seems to be far 
less refined than was originally conceptualized by Helra- 
holtz, however; viz., a broad portion of the basilar mem- 
brane is placed into movement by a simple sinusoid, rather 
than the selective movement of a small number of finely 
tuned reonators.  Tenet (b) has received much less general 
support.  This tenet is an extension of Mueller's law of 
specific energies^ that is, each place on the basilar mem- 
brane is assumed to be neurally connected to a central 
(psychological) pitch extractor in such a way that a cer- 
tain place of basilar vibration results in the perception 
of a certain pitch.  The most serious evidence against ten- 
et (b) stems from research dealing with complex tones. The 
complex tones of interest have been those composed of sev- 
eral harmonically related sinusoids, the frequency differ- 
ence between any sinusoid and its closest neighbors being 
the same for all components of the complex.  It happens 
that the pitch of such a complex tone is nearly always the 
sa-se as the frequency of the fundamental (lowest possible 
component of the complex), even when the fundamental is not 
physically present in the complex waveform. With the fun- 
damental absent or missing, it is difficult to imagine, by 
the place theory, how one could perceive the pitch of the 
fundamental when, in fact, the area of the cochlea corre- 
sponding to the fundamental frequency is presumably unstim- 
ulated. Place theorists have tried to defend their posi- 
tion by positing that the perception of the "missing" 
fundamental may be caused by the reintroduction of the 
fundamental on the basilar membrane by means of nonlinear 
distortion within the cochlea. The fact that the funda- 
mental is still heard even when that portion of the basi- 
lar membrane which corresponds to the fundamental fre- 
quency is saturated with white noise (thus preventing the 
perception of the "reintroduced" fundamental through mask- 
ing) places tenet (b) of the place theory in serious doubt 
(Licklider, 1956).  While it is possible that place prin- 
ciples may determine pitch for simple tones'and some com- 
plex tones, it has been made clear that a theory based 
solely on place cannot account for all pitch perception 
data. 
The most popular candidate to supplement or supplant 
place theory has been one version or another of a theory 
based on the periodicity of the acoustic stimulus. The 
earliest periodicity theories were founded upon the pre- 
raise that acoustic stimuli were represented by peripheral 
neural firing, and that the periodic rate of neural firing 
determined pitch (Rutherford, 1893; Wundt, 1393)•  In its 
simplest form, periodicity theory holds that the cycles 
per second of an acoustic stimulus are represented by a 
one-to-one neural firing rate.  The major line of resist- 
ance against this theory has been based on the fact that 
the rates of neural firing required for the perception of 
higher pitches (e.g., 800 to 20,000 Hz) are physiologically 
incapable of being generated.  Estimates of ceiling rates 
for individual ncuronal firing have ranged from 50 im- 
pulses per second (Fletcher, 1923) to 2000 per second 
C..evcr, 19^9).  Uever (19>+9) suggested a principle which 
made a theory based on periodicity more tenable.  He sup- 
posed that pitch may be coded by rate of-firing of single 
neurons, up to freouencies of about 500 Hz, whereas fre- 
quencies from about 500 Hz to about >*000 Hz could be coded 
by the synchronized firing of coordinated groups of neu- 
rons responding in volleys. The volley principle can be 
exemplified by considering two groups of neurons each fir- 
ing at a rate of lK)0 impulses per second.  If each croup 
fires when the other group is exactly midway between im- 
pulses, it can be seen that taken together the two groups 
fire at a rate of 800 impulses per second. Wever suggested 
that for frequencies above ^000 Hz, encoding by the volley 
principle was not physiologically possible and suggested 
that frequencies above this value were encoded by the place 
principle. 
In the past 30 years there has been a shift in Inter- 
est from pitch perception resulting from stimulation by 
simple sinusoids to pitch perception resulting from con- 
trolled but more complex stimuli.  The Interest in complex 
stimuli stems largely from the fact that the perception 
of the "missing" fundamental with such stimuli Is at once 
damaging to the place theory and challenging for alterna- 
tive theories.  Recent experimentation involving the pitch 
of complex tones has led many theorists to believe that 
the periodicity of such tones may substantially, if not 
wholly, underlie the pitch perception of complex stimuli. 
The present investigation is devoted to the concept of 
periodicity pitch and to the neural location of pitch en- 
coding and extracting processes. Some of the more recent 
developments in periodicity theory will now be reviewed. 
Periodicity Pitch 
Schouten (19^0) performed experiments on the percep- 
tion of harmonically related complex stimuli and noted 
(a) the lower harmonics which are presented together can 
be perceived individually and have almost the same pitch 
as when sounded separately, and (b) higher harmonics which 
are presented together are perceived collectively as one 
pitch called the "residue".  Further, the residue has a 
pitch equivalent to the fundamental of the complex stimu- 
lus.  In order to account for his observations, Schouten 
proposed that the complex stimulus is first Fourier ana- 
lysed by the basilar membrane, as in tenet (a) of the 
place theory, with the lower harmonics resolved well and 
perceived separately.  However, because the cochlea is 
limited in its ability to resolve higher harmonics, these 
components are coded in terms of their collective temporal 
activity and are perceived as a residue.  The pitch of the 
residue, then, was thought to be peripherally coded as the 
collective, periodic firing of the first order neurons 
excited by upper harmonic components. Further, it was 
proposed that the residue was determined by the periodicity 
of the collective waveform of the physical stimulus. 
Schouten's pioneering work indicated that the pitch of 
the residue corresponded to the frequency of the modulation 
of the waveform envelope (see Figure 1).  Thus a complex 
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Figure 1.    Envelopes and  fine structures of shifted-end 
unchifted waveforms.    The dashed lines represent the en- 
velope of a complex waveform.    Top waveform is a complex 
made  up of   1800,  2000,   and  2200 Hz components.     Bottom 
waveform is made up of the  same components,  but with each 
shifted  up  30 Hz.     Fine  structure  is  represented  by the 
wave patterns inside the envelopes.    Numbers over the 
fine structure peaks indicate peaks likely to be picked 
or used in pitch analysis (adapted from Plomp,1968). 
tone with components of 1800, 2000, and 2200 Hz would re- 
sult in the perception of a pitch of 200 Hz, since posi- 
tive peaks occur in the waveform envelope just as if the 
stimulus were a simple tone of 200 Hz, rather than a com- 
plex tone with a 200 Hz fundamental. Later, however, De 
Boer (1956) and Schouten, Ritsma, and Cardozo (1962) sug- 
gested that the periodicity of the "fine structure" of the 
waveform may be the critical factor for pitch encoding, 
rather than the periodicity of the envelope.  De Boer 
(1956) and Schouten et al. (1962) performed pitch-shift 
experiments in which a complex tone, such as the one de- 
scribed above, had each of its components shifted up or 
down a constant number of Hz, say 30 Hz. The only differ- 
ence between the shifted and unshiftod complex waveforms 
is the fine structures of the two waveforms.  The enve- 
lopes of the two stimuli are identical. Thus, for both 
shifted and unshifted complexes, the envelope of the wave- 
form has positive peaks every 5 msec. The fine structures 
within the envelopes of shifted and unshifted complexes 
differ, however, the "temporal distances" between the fine 
structure peaks are relatively shorter for the complex 
that has been shifted up 30 Hz.  A fine structure theory of 
Pitch perception maintains that pitch is determined by the 
temporal distance between two fine structure peaks in 
adjacent waveform envelopes. Further, the peaks most 
likely to be "picked" or used by a psychological pitch ana- 
lyser are the "tallest" peaks, or those with the greatest 
amplitude (see Figure 1). Results of the pitch shift ex- 
periments showed that complexes which are shifted up in 
frequency are also shifted up in perceived pitch, thus 
supporting a fine structure theory.  As the fine structure 
theory holds that pitch is determined by the temporal dis- 
tance between peaks near the crests of adjacent waveform 
envelopes, some pitch ambiguity would be predicted.  This 
is because a psychological pitch analyser may choose any 
of the fine structure peaks near the crest of an envelope 
for analysis (in Figure 1 these peaks are identified as 1, 
2, 3, and 1', 2', and 3'). Therefore, different peak-to- 
peak time differences may be used for analysis.  Pitch 
ambiguity for complex waveforms such as that represented 
in Figure 1 has been found experimentally, thus further 
supporting a fine structure theory of pitch (Schouten et 
al., 1962). 
Although Schouten's residue-fine  structure theory has 
enjoyed wide and growing  support since it was postulated, 
recent objections have been lodged against it by Wightman 
(1973a)   and Houtsna and Goldstein (1972).    Wightman con- 
tended  that the weakest point of residue theory is  the 
supposition that the pitch of complex stimuli is deter- 
mined by the   interacting unresolved components.     3y this 
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supposition, WIghtnan maintains, complex tones composed 
of very high (and therefore unresolved) components should 
result In a relatively strong residue pitch.  Conversely, 
complex tones composed of lower component frequencies (and 
therefore better resolved) should result in a relatively 
weaker residue pitch (pitch strength can be thought of as 
the clarity or perceptibility of a pitch).. Reports from 
listeners, however, indicate that a stronger residue pitch 
is heard for complexes with lower harmonic components; fur- 
ther, if component frequencies exceed 5000 Hz, no residue 
pitch is heard at all (Ritsraa, 1962). So, although res- 
idue theory states that residue pitch is determined by the 
interaction of unresolved components, residue pitch is 
strongest for complexes whose components are relatively 
veil resolved. 
A second objection which Wightman raised against the 
residue theory (and all other theories based upon the tem- 
poral fine structure of complex waveforms) concerns the 
fact that such theories are generally phase sensitive. A 
change in the phase relations of components will result in 
a change in temporal fine structure which, in turn, should 
result in a change in perceived pitch. Recent research by 
Patterson (1973), Bilsen (1973) and Wightman (1973a) indi- 
cates that the value of perceived pitch is actually phase 
insensitive, however. 
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Another line of evidence against the residue theory 
comes from an experiment by Houtsma and Goldstein (1972) 
in which components of complex stimuli were presented to 
3s binaurally.  All stimuli were composed of only two com- 
ponents.  As an example,, a 1000-Hz sinusoid was presented 
to the right ear, and a 800-Hz sinusoid was simultaneously 
presented to the left ear.  A pitch perceived was that of 
the fundamental (200 Hz), just as though a complex stimulus 
with components of 1000 and 800 Hz had been presented mon- 
aurally.  Thus it was argued that the residue pitch was not 
coded and determined by the interaction of unresolved com- 
ponents at the level of the cochlea, as the residue theory 
suggested.  Houtsma and Goldstein argued that, instead, 
pitch was determined more centrally.  They held that compo- 
nents are resolved at the peripheral level, but that this 
peripheral resolution and encoding does not immediately 
determine pitch.  Pitch determination or extraction is the 
end result of a central analysis on all afferent informa- 
tion (that is, information from both cochleae^. Thus 
Houtsma and Goldstein attack the peripheral encoding foun- 
dation of residue theory. 
Wightman (1973b) has recently proposed a mathematical 
model of pitch perception which holds that pitch is inde- 
pendent of the temporal fine structure of complex stimuli, 
and v.hich is compatible with central mediation of pitch. 
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The model and some of its predictions will be very briefly 
outlined.  Essentially, Wightman invokes both place and 
periodicity principles. There are three stages in his 
model.  At Stage 1 the power spectrum of the acoustic wave- 
form is coded as a Peripheral Activity Pattern (PAP). Here 
frequency is coded as place in the periphery of the audi- 
tory system, and power is coded as the amount of activity 
at each place.. Taking into account the limited resolving 
power of the cochlea, the model proposes that the Stage 1 
coding is coarse, especially for high-frequency represen- 
tation.  In Stage 2 the PAP of Stage 1 is autocorrelated 
(a Fourier cosine transform of the power spectrum is per- 
formed).  After this transformation, place of neural activ- 
ity corresponds to the temporal dimension of autocorrela- 
tion , and the amount of neural activity at a particular 
place corresponds to the value or magnitude of the auto- 
correlation. According to Wightman, all stimuli which re- 
sult in a relatively large amount of neural activity at the 
same Stage 2 place will result in the same pitch perception. 
Therefore the temporal dimension of Stage 2 autocorrelation 
determines pitch and is coded as neural place.  The autocor- 
relation value at each neural place determines the strength 
of pitch.  If two or more Stage 2 places are neurally ac- 
tive an explanation for pitch ambiguity becomes apparent. 
Places having the most neural activity are thought to have 
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strong pitch values,  and therefore are perceived most ■• 
clearly.     If the absolute difference of amount of neural 
activity between two places is not great, however, more 
than one  pitch may be perceived.     The   final  stage of Wight- 
man's model  can be  conceived of as the decoding of Stage 2 
place activity into perceived pitch.     The pitch  is taken as 
the inverse of the  autocorrelation time value associated 
with the place of greatest neural activity. 
Wightman's model makes  several predictions about the 
strength of complex stimuli.     In the literature previous 
to Wightman's   (1973b) paper there are only qualitative re- 
ports on  the  strength of complex stimuli.    Typically a com- 
plex stimulus has been reported as strong or weak in rela- 
tion to another complex stimulus on the basis of  subjective 
report of a listener.    Wightman's mathematical model gener- 
ates predictions which invite quantitative measures of 
pitch strength as a test of his  theory.     Some of these pre- 
dictions are   summarized in Figures 2 and 3.     Figure 2 shows 
that as  the number of components in a complex stimulus in- 
creases,   strength also increases.     Figure 3 shows  that as 
spacing between components increases   ,   strength also   in- 
creases.     Both Figures 2 and 3 indicate  that pitch strength 
decreases  as  the frequency of the lowest comoonent of  a 
complex increases.     It should be noted that the decrease in 
pitch  strength predicted for higher-frequency components 
^k 
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is not merely a function of relatively poor resolution of 
high components.  The decrease is directly predicted 
from the mathematical operation (autocorrelation) proposed 
by the model. There is, at present, little support for or 
evidence against Wightman's predictions due to the fact 
that there has been little research directed at the quan- 
titative measure of pitch strength. 
The Problem 
The goals of the present experiment were tv/ofold. 
The first goal concerned the neural level at which encoding 
of acoustical stimuli determines perceived pitch. The 
question under Investigation was whether the neural activ- 
ity at peripheral levels (the cochlea or elgth cranial 
nerve) may determine pitch, or whether coding of pitch is 
ultimately determined by a central mediation of Information 
from both cochleae.  The binaural stimuli used by Houtsma 
and Goldstein were extremely simple. 3efore the statement 
is made that the pitch of a complex stimulus is determined 
centrally, it would seem necessary to investigate the ques- 
tion of the location (peripheral or central) of pitch de- 
termination with more complex stimuli. While the Houtsma 
and Goldstein experiment strongly suggested that the pitch 
of complex tones may be mediated centrally, it is argued 
here that the stimuli used did not actually make a fair 
test of whether a complex stimulus may also be coded for 
16 
pitch at a more peripheral level. This argument rests on 
the fact that although complex stimuli were presented bi- 
naurally, the stimuli that were presented to one ear or the 
other were single sinusoids.  If the pitch of a complex 
stimulus can somehow be encoded and determined at a per- 
ipheral level, the Houtsma and Goldstein stimuli did not 
provide an adequate test for such encoding. A better test 
of the peripheral encoding hypothesis would involve the 
presentation of a strong complex stimulus (at least three 
components) to each ear simultaneously. The complex stim- 
uli should have different fundamentals, but should be chos- 
en in such a way that when "mixed together", or presented 
as a single complex stimulus, components should be harmon- 
ically spaced so that there is only one fundamental. Com- 
plexes of 1800, 2000, and 2200 Hz (fundamental of 200 Hz), 
and 1600, 2000, and 2^-00 Hz (fundamental of *+00 Hz) would 
fill these requirements.  The monaural presentation of . 
each three-component complex stimulus should result in a 
different pitch perception.  The question of Interest here 
is what perception will occur when one complex is presen- 
ted to the right ear, and the other complex is presented to 
the left ear.  A purely central theory would predict that 
all of the components would be represented centrally and 
that a pitch of 200 Hz would be heard because the components 
are 1600, 1800, 2000, 2200, and 2^+00 Hz (fundamental of 2C0 . 
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Hz). A peripheral encoding theory would predict that 
there are two separate complex stimuli encoded at the two 
peripheral levels, one of which corresponds to a pitch of 
200 Hz, and the other of which corresponds to a pitch of 
!f00 Hz.  Thus if the pitch of a complex stimulus can be 
peripherally coded and if encoding at each cochlea can be 
kept "separate", two pitches should be heard. 
The second second goal of the experiment involved the 
quantitative measurement of pitch strength with regard to 
the predictions made by Wightman (Figures 2 and 3)« To 
this end, pitch strength was measured in terns of report of 
loudness of pitch and variability of successive matches of 
pitch value.  These measures were chosen because pitch 
strength is usually characterized as clarity or the quali- 
ty that distinguishes pitch value from background noise. 
Thus Ss may be thought to report that the loudness of a 
weak stimulus is relatively low, while the loudness of a 
strong pitch is relatively high. Pitch strength was meas- 
ured with respect to (a) spectral region of components, (b) 
number of components per complex stimulus, and (c) spacing 
between the components of a complex stimulus. Pitch 
strength results will be discussed largely in terms of 
their consonance with the theoretical predictions made by 
Wightman (1973b). 
18 
METHOD 
Design 
A 2X5 repeated measures design was used to investi- 
gate the influence of factors   (a)   spectral region and   (b) 
composition and presentation method, on the perception of 
complex stimuli.     One of the  spectral regions investigated 
was  centered at 2000 Hz  (components in this region being 
1600,   1800,   2000,   2200,   and 2*+00 Hz);   the other  spectral 
region was  centered at 1200 Hz  (components in this region 
being 800,   1000,   1200,   1*K)0,and 1600 Hz).    At each of these 
spectral  regions  Ss were  subjected to five listening con- 
ditions   (see Table  1).     In each condition the  stimulus  to 
which a S was to attend was presented to his  "best"  ear. 
The  "best"  ear was the more sensitive ear of a subject. 
The conditions were:     (a)  a monaural condition in which 
three  components were presented,  one of which was the cen- 
tral  component of a spectral region, and the other two of 
which were   spaced 200 Hz above and below the central  com- 
ponent  (condition M-3 200);   (b)  a monaural condition in 
which three  components were presented, one of which was the 
central  component of a spectral region,   and the other two 
of which were  spaced »fOO Hz above and below the  central com- 
ponent  (M-3 »f00);   (c)  a monaural condition in which all of 
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TABLE 1 
REPRESENTATION OF EXPERIMENTAL DESIGN 
Spectral 
Region 1200 Hz 2000 Hz 
Presenta- 
tion 
Condition 
M-3 
200 
M-3 
Uoo 
ii-5 B-3 
200 lK)0 
u-3 
200 1-3 IfOO 
u-'-j 
200 H-00 
s. 
S* 
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the components of a spectral region were presented (M-5); 
(d)  a binaural  condition in which the 200-Hz-spaced com- 
ponents around the central frequency were presented to the 
"best" ear,   and the *fOO-Hz-spaced components around the 
central frequency were presented to the other ear  (B-3 
200);   and   (e)  a binaural condition in which the *f00-Hz- 
spaced components around the  central frequency were pre- 
sented to  the   "best"  ear,  and the 200- Hz-spaced components 
were presented to  the other ear  (B-3 M-00).     The dependent 
variables were perceived pitch value {In Hz),   and pitch 
strength.     There were  three measures of pitch strength. 
One was the intensity to which S adjusted a comparison tone 
to match the perceived intensity of a complex tone.     The 
second measure was  the intensity of white noise required to 
mask the pitch of a complex tone.     The  third measure was 
the standard deviation of successive pitch value matches 
of the same  complex tone.     It was thought that standard 
deviations would be relatively smaller for strong pitches, 
and that noise and comparison intensities would be larger 
for strong pitches. 
Complex Stimuli 
All complex stimuli consisted of 100J? amplitude mod- 
ulated sinusoids recorded on tape.    The following  stimuli 
ware used and recorded separately:    2000 Hz modulated by 
200 Hz  (components of 1800,  2000,  and 2200 Hz);   2000 Hz 
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modulated by ^00 Hz  (components of 1600, 2000, and 2*f00 Hz); 
1200 Hz nodulated by 200 Hz  (components of 1000,   1200,   and 
1^00 Hz);   and 1200 Hz modulated by *+00 Hz (components of 
800,   1200,   and  1600 Hz).     Stimuli for the M-5 conditions 
were generated by amplitude modulating the 2000 Hz carrier 
with 200 and  *t00 Hz simultaneously (components of 1600, 
1800,   2000,   2200,   and 2^30 Hz),   and modulating the 1200 Hz 
carrier with 200 and *t00 Hz simultaneously (components of 
800,   1000,   1200,   I^OO,   and 1600 Hz). 
Procedure 
Three adult S_s,   two female, one male, were used.     The 
the amount of musical training to which each S had been ex- 
posed differed:     subject D.H. had eleven years of musical 
training with the trumpet; T.H.  had five years of musical 
training with the piano;   M.H.  had no musical   training.     The 
3s sat in a sound-attenuated chamber and matched the pitch 
of one of the  complexes formerly defined, to   the pitch of 
a square wave from a function generator.     A so.uare wave was 
used because  the  timbre of such a wave is much like that of 
the complex stimuli used.     If two stimuli are  to' be matched 
for pitch,  matching  is facilitated if the stimuli are  sim- 
ilar in timbre.     All   stimuli were presented through a nalr 
of calibrated earphones.     The comparison square wave was 
presented monaurally,   to the best ear,  in all  conditions, 
as was  the white noise when masking was performed.     The Ss 
had at their disposal   (a)  a switch that could select ei- 
ther the complex stimulus or the comparison stimulus,   (b) 
knobs that controlled the  intensity and frequency of the 
comparison tone,   and   (c)  an attenuator knob that controlled 
the intensity of noise..   The knobs  that controlled the in- 
tensity and freuqency of the comparison were visually hid- 
den from Ss by a partition.     The partition had an aperature 
large enough so  that S could put his hand through and ad- 
just knobs.     The purpose of the partition was to avoid er- 
rors of habituatlon due to visual cues.     The knob of the 
attenuator that controlled noise intensity was in full view 
of S,  but errors of habituation were controlled for  since 
E randomly changed  the voltage at S's attenuator before 
each trial. 
At the beginning of each trial,   the noise was  turned 
off and  S was  told to  switch to   the complex stimulus and 
report the number of pitches heard.     If two pitches were 
heard in the  binaural conditions,   S was instructed to match 
just one   throughout the entire  session.     At the start of 
a trial,   E instructed S to turn the intensity of the com- 
parison tone  to  zero  and the  frequency dial fully clockwise 
or counterclockwise,   alternating direction on  successive 
trials.     The alternation of dial position over trials was 
intended   to reduce  errors of habituatlon due to kinesthetic 
cues.    The   S's task was  to listen to the complex and 
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comparison tones alternately and adjust the intensity and 
frequency of the latter  tone to match the loudness and 
pitch of the complex.     The  S was allowed to  switch freely 
from the  comparison to   the complex and to vary both the 
intensity and frequency of the comparison tone continually, 
until satisfied with his pitch and loudness matches.     When 
the matches had been made,  E recorded the frequency of the 
comparison tone   (in Hz)  from a frequency counter,   and the 
intensity of the comparison  (in volts)  from an RMS volt- 
meter.     The masking noise was  then turned on,   and S was in- 
structed to mask the pitch of the complex signal.     If S 
heard two pitches he v/as  to attend to and mask only the 
pitch which he had  just matched,  and to  "ignore" the other 
pitch.     The   S was also told to  "bracket" or vary the noise 
intensity above and below the point at which the pitch 
seemed to be masked until he obtained the minimum noise 
intensity required  to  just mask the  pitch.    When the noise 
masking was  completed,   the intensity of the noise   (in volts) 
was recorded from an RMS voltmeter.     This completed one 
trial. 
The  10 experimental conditions were randomized over Ss 
with each session comprising one of the   10 conditions.     Each 
cession consisted of  20 trials with a five minute rest mid- 
way through the   session. 
2k 
Training 
Each S was  trained  In two one-hour sessions.     During 
the first session Ss performed monaural matches v/ith a com- 
plex stimulus having a carrier of 1200 Hz,   and aquainted 
themselves with the operation of the function generator and 
noise attenuator.     In the   second session,   Ss performed mon- 
aural matches to a complex stimulus having a 2000-Hz car- 
rier,   and binaural matches at both the  1200- and 2000-Hz 
spectral regions.     During  training  Ss were given guidance 
in avoiding octave  errors when pitch matching. 
Apparatus 
A diagram of the apparatus is presented In Flnure k. 
The masking noise in this experiment was generated by a 
Grason-Stadler white noise generator.     The noise band width, 
10-6000 Hz,  was determined by a 3100 Krohn-Hite band pass 
filter.     Noise intensity was controlled by two Hewlett- 
Packard 350-D attenuators.     The   square wave  comparison tone 
was generated by a Phillips PM 5168 function generator. 
The noise and comparison tone were mixed by a solid state 
Coulbourn Audio Mixer-Amplifier   (model  582-2h), and   the 
complex tone and  the  output from the Mixer-Anplefier were 
matched   to TD1I39 earphones   (circumaural muffs) by a Grason- 
Stadler E10589A impedance matching transformer.     In the 
binaural   conditions,   the complex stimulus presented  to the 
best ear was mixed with the noise and comparison tone prior 
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to the transformer.     The other complex went to another 
transformer and  the other ear.     The complex tones were re- 
corded and played back by a Realistic 909A tape recorder. 
Noise and comparison tone  intensities were measured with a 
320A Ballantine voltmeter.     Frequency of the comparisor. 
tone was measured with a Hewlett-Packard 52213 frequency 
counter. 
J 
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RESULTS 
The most striking and unambiguous result was that Ss 
heard two pitches (200 Hz and *+00 Hz) in the binaural con- 
ditions.  The histograms in Figures 5, 6, and 7 show the 
pitches matched in the experimental conditions. The only 
S who failed to hear two pitches in all binaural conditions 
was M.H.  This S did not hear a 200-Hz pitch in condition 
2000 B-3 200.  As expected, all S_s perceived a pitch of 
200 Hz in the K-3 200 and M-5 conditions and a pitch of 
^00 Hz in the M-3 ^00 conditions. 
Results concerning pitch strength are less clear cut. 
Analyses of variance were performed on each of the depen- 
dent measures of pitch strength (comparison intensity (C), 
noise intensity (N), and standard deviation of pitch natch 
(S)) presented in Table 2. On each dependent measure three 
analyses of variance were performed. The first was done 
on the monaural data (six conditions) with all three Ss. 
The second was done on the binaural data with two Ss (D.H. 
and T.H.). Subject M.H. was not included in this analysis 
because, as noted above, she heard no pitch of 200 Hz in 
condition 2000 B-3 200. The third analysis was done on 
data from Ss D.H. and T.H. and included all 10 conditions. 
There were two reasons for performing three separate analy- 
ses on the data.  First, the binaural conditions seemed to 
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TABLE 2 
ST:IENGTH VALUES OBTAINED IN EXPERIMENTAL CONDITIONS 
Spectral 
Region 12CO Hz 2000 Hz 
presenta- 
tion 
Condition 
-3 
200 
•1-3 
kOO 
H-5 B-3 
200 kOQ 
M-3 
200 !+00 
to-5 
200 i+oo 
N       D.H lf.1 6.9 7.»* 7.0 8.0 3.9 5.2 5.7 2.6 5.6 
Values.. .. 
(mv) M»* 5.8 7> 7.6 9.2 10.5 3.7 7.3 6.2 — 11.2 
T.:I 3.6 5.1 7.1 7.1+ 7.7 0.7 h.2 5A 6.5 7.0 
C       D.Ii 0.21 0.21* 0.22 0.15 0.21 3.17 3.12 3.21 0.07 0.18 
Values 
(v)   ;:.!i. 0.36 0.1+2 0.51* 0.1+9 O.V/ 3.28 3.37 3.
1+2 • *• 0.39 
T.H. 0.15 O.^f 0.3^ 0.27 0.2S 3.13 3.27 3.18 0.07 0.22 
D.ii 
S 
Values;jjt 
0.8 0.1+ 0.8 0.5 0.8 1.2 0.7 0.9 1.0 0.9 
1.7 2.8 0.6 2.5 3.0 3.1 I 1.8 2.3 — 3.^ 
T.H, 0.9 1.5 0.9 1.0    2.5 2.3 I 1.3 1.7 1.3 uk 
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be inherently more difficult for pitch matching, loudness 
matching, and noise masking than the monaural conditions. 
The relative difficulty of the binaural conditions was as- 
sumed because Ss reported that they were not always, if 
ever, sure that they were adjusting the comparison and 
noise intensities only for the pitch to which they were 
instructed to attend.  For instance, if a S heard two 
pitches, he was not sure that he could adjust the compar- 
ison or noise Intensity to match or mask just one pitch, 
totally ignoring the other.  Data from the binaural con- 
ditions might therefore be expected to be less valid than 
monaural data as a measure of pitch strength.  The second 
reason for performing several analyses was that M.H. had no 
data for condition 2000 M-3 200. While this made it impos- 
sible to do an analysis for all three Ss over all condi- 
tions, an analysis on the six monaural conditions using all 
three Ss could be performed. 
Of the nine analyses performed three showed signifi- 
cance.  The 2X3 analysis of variance with noise masking as 
the dependent variable yielded significant main effects 
for the two spectral regions (1200 Hz and 2000 Hz) and the 
three monaural presentation conditions (F„(1 ,2)=18.5 and 
F„(2,)0=18.0, respectively). Noise values were larger for 
the 1200-Hz region (see Figure 8). A Tukey-b post hoc test 
showed that noise values for conditions M-3 ^00 and M-5 
Volts       Millivolt* 
■9.0 
1200 HZ CARRIER 
2000 HZ CARRIER 
SD 
■0.6 
M-3 200 M-3 400 M-5 B-3 200 B-3 400 
Figure 8.    Representation of pitch strength at the  1200 Hz and 2000 Hz  spectral   regions. 
Strength is in terms of noise  intensity,  N (in millivolts), comparison intensity, C  (in  volts), 
and standard deviations of pitch matches, S.    The solid lines corresponds tothe 1200 Hz spec- 
tral  region,  and the dotted  lines correspond to the 2000 Hz region. 
& 
were   significantly larger  (p<.05)  than those for condition 
M-3 200.     The   spectral region main effect had a corre- 
sponding utility index of 0.12, and the utility index for 
the monaural presentation condition main effect was O.38 
(Dodd and Schultz,  1973). 
The  second  significant effect was found in the 2X2 
analysis with noise masking as the dependent variable. 
The two spectral regions and the two binaural presentation 
conditions were  the independent variales.     The binaural 
presentation factor was  significant  (F„(1,1 )=161) with the 
B-3 tfOO condition yielding higher noise settings than the 
B-3 200 condition  (see Figure 8).     The  corresponding util- 
ity index was 0.22. 
The  final  significance was found in the 2X2 analysis 
with standard deviations of pitch matches as the deperient 
variable.     The two  spectral regions and the two binaural 
conditions were  the independent variables.     There was a 
significant  (1^(1,0=161) interaction between spectral 
region and binaural conditions   (see Figure 9),    The  util- 
ity index for this  Interaction was 0.21..   A Tulcey-b post 
hoe test revealed  that B-3 200 had a higher S at the 2000 
Hz region than at the  1200 Hz region;  B-3 ^00 had a higher 
S at the 1200 Hz region than at the 2000 Hz region;   and at 
the 2000 Hz region B-3 ^0 had a higher S than 3-3 200. 
All oost hoc tests were  significant at the p<.0? level. 
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Figure 9.     Representation of the 
interaction between spectral region 
and binaural conditions.     Standard 
deviation is  the dependent neasure. 
Although C and S did not show significance for either 
of the two  factors,  it can be seen in Figure 8 that the 
trends of the  dependent variables  seem related.    This fig- 
ure clearly shows that the dependent variables N and C 
follow the  same  trend:   -both show that conditions M-3 ^00 
and M-5 are higher in intensity than M-3 200 and that 
B-3 »t00 is higher in intensity than B-3 200.     The positive 
correlation between N and C is significant when summed 
over the  six monaural conditions   (p<,0l)  and when summed 
over all ten conditions   (p<.06)   (see   Table 3)»    Further, 
there v/as a significant negative correlation between N and 
S when  summed over the six monaural conditions  (p<.05) and 
when summed over all  ten  conditions   (p<.05)   (sec  Table 3). 
Thus while neither C nor S showed significance for main 
effects,   they correlate highly with the dependent variable 
that did  show significance.     The correlations between these 
variables  support the idea that they were all indeed meas- 
ures of the   same thing   (pitch strength). 
Finally,   an analysis of variance was performed to 
determine whether there was any difference among Ss in 
terns of variability of overall pitch matching.     The anal- 
ysis showed significance   (F„(2,27)=5.W and a Tukey-b 
post hoc  test revealed  that D.II. had significantly lower 
3 values  than M.K.  and T.H.,   and that T.H. had significant- 
ly lower S values than M.H.   (see Table *+). 
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TABLE 3 
CORRELATIONS FOR N, C,   AND S 
Monaural 
Conditions 
All 
Conditions 
N        C        S N        C       S 
N 
MM                « 
-+.86 -.75 - +.5* -M 
C .     -   -.50 -       -    -.26 
S -     -    - -      -     - 
"■   p<.01 
■   P<.05 
•    p<.06 
TABLE h 
SUBJECT DIFFERENCES IN 
PITCH MATCHING VARIABILITY 
D.H.       T.H.        MM 
0.89 1.49 2. 
D.H. 0 .o< • 0.60* 1. 
TH 1 M - - 0. 
M.H 2 •3€ - - - 
■H 
»9 
MM 
»« p<.01 
"   P<.05 
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DISCUSSION 
Central vs. Peripheral Pitch Encoding 
The results Indicate that the attack by Houtsma and 
Goldstein (1972) and Wightman (1973a) on the peripheral 
pitch encoding hypothesis of residue theory was lllfounded. 
Their arguments against peripheral encoding of complex 
stimuli seem to rest on the assumption that the final 
"decision" on v/hat pitch is to be perceived is made by a 
central analyzer.  For harmonically related stimuli, this 
analyzer is sensitive to component input from both ears 
but is not sensitive to the complex imput to one ear op- 
posed to the input to the other ear. The results of the 
experiments reported here do not support such a simple 
central encoding hypothesis.  That is, it appears that the 
neural mechanism which makes decisions on pitch perception 
is indeed sensitive to peripherally encoded information, 
and the integrity of peripheral encoding at each ear seems 
to be preserved antecedent to a neural pitch decision.  In 
each binaural condition Ss reported hearing two pitches 
(each corresponding to the fundamental of a complex pre- 
sented to one or the other ear).  Only one S reported hear- 
ing just one pitch in the 2000 D-3 ^00 condition, and the 
pitch perceived CfOO Hz) was not consonant with a predicted 
pitch of 200 Hz by the central encoding hypothesis. 
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The results of Houtsma and Goldstein have been repli- 
cated by Bilsen (1973).    Thus,  the finding that a pitch 
equal to   the fundamental of  two binaurally presented sinu- 
soids   (one sinusoid  to each ear)  can be perceived seems  to 
be established as fact..   What is not established is  the 
leap from this  empirical finding to the theory of a central 
pitch extractor outlined previously. 
The results of Houtsma and  Goldstein and the results 
of the experiment reported here are not thought of  as con- 
tradictory.     Indeed,   the  two  sets of results may be thought 
of as unrelated in the  sense  that in one   experiment simple 
tones were presented  to each ear, and in the other experi- 
ment complex tones were presented to  each ear.     From the 
Houtsma and Goldstein experiment the  conclusion can be 
drawn that a pitch decision mechanism seems   to be sensitive 
to the harmonic relation between complex components at 
each ear. 
One question which it was hoped would be answered here 
v.-as  that of whether the kind of central  "mixing" of peri- 
pheral  components proposed by Houtsma and Goldstein might 
be taking place,   to some degree,   even if evidence for main- 
tenance of peripheral integrity were found.    The key to 
answering  this question was  thought to lie in pitch 
strength measures.     It was thought that a comparison of 
the 200-Hz pitch strength from a binaural  condition at one 
IfO 
spectral region to the M-3 200 condition at the sane re- 
gion would test the central   "nixing" hypothesis.     If the 
B-3 200 condition were found to yield higher'strength than 
the M-3 200 condition the central "mixing" hypothesis would 
be  supported.     Unfortunately,  as previously noted,   the bi- 
naural conditions entailed inherent perceptual distractions 
which cast doubt on the validity of all blnaural pitch 
strength measures.     In general,   Ss found  it difficult to 
attend to  the pitch and intensity of only one conplex sti- 
mulus when two pitches were perceived.     Certain results of 
the experiment indicate that the inherent problem is not 
insurmountable,  however. 
A solution to   the problem may lie  in proper selection 
of Ss and of stimulus  intensities.    It was found,   for  in- 
stance,   that the S with the most musical training,   D.H., 
had the least difficulty in "picking out" two  separate 
pitches in the binaural conditions and that the   S with 
no musical   training, M.H., had the most difficulty.     Sub- 
ject M.H.  did not hear two pitches In one binaural  condi- 
tion and T.H. heard two pitches in all  binaural conditions. 
Subject D.H.  could not only hear two pitches in all the 
binaural  conditions but could also localize the pitches- 
for instance,   D.H.   could  correctly report that he heard 
the lower pitch in his   "best" ear and the higher pitch in 
his other ear in a B-3 200 condition.     Neither of the other 
If1 
two Ss could report such localization. Further, D.H. had 
lower S values than either T.H. or M.H. and T.H. had lower 
S values than M.H. (see Table k). Here the trend seems to 
be one of better pitch matching precision with more musi- 
cal training.  Although^innate musical abilities could ac- 
count for the differences, also, the nature-nurture dis- 
tinction is not critical to the present argument.  It 
seems logical to conclude that Ss with musical training 
may be better equipped to attend selectively to one pitch 
when two pitches are present.  It is therefore proposed 
that Ss with extensive musical training could be used to 
test the central "mixing" hypothesis, especially if they 
were given some special training in attending to the type 
of complex stimuli that are generated in the laboratory. 
To further aid Ss in attending to the 200 Hz pitch in the 
3-3 200 conditions, it might be helpful if the intensity 
of the *f00 Hz complex stimulus were attenuated; each S 
reported that the higher pitch in the B-3 200 condition 
was "much louder" than the lower pitch. The »f00 Hz com- 
plex intensity could be lowered to make its corresponding 
pitch less distracting to the 200 Hz match.  Therefore a 
test of the central "mixing" hypothesis may be possible 
by proper selection of Ss and component intensities. 
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Pitch Strength and Theoretical Considerations 
The significant differences in pitch strength found 
with N as the dependent measure, along with the signifi- 
cant correlations between N and both C and S, establish 
that pitch strength can be reported quantitatively as well 
as qualitatively.  An obvious observation is that noise 
masking seems to be the best measure of pitch strength in 
that it seems most likely to show significant differences 
where the other measures show only trend.  In summary, the 
noise masking measures of pitch strength indicated that 
conditions M-3 *+00 and M-5 yielded stronger pitches than 
M-3 200 at both spectral regions; and the 1200 Hz spectral 
region yielded stronger pitches than the 2000 Hz region. 
Kef erring back to Figures 2 and 3, It can be seen 
that, in some respects, the results conform to the predic- 
tions of Nightman's autocorrelation model for pitch 
strength:  stimuli with relatively more components are pre- 
dicted to be stronger than those with fewer components 
(M-5 vs. M-3 200); stimuli with greater spacing between 
components are predicted to be stronger than those with 
lesser spacing (M-3 ^0 vs. M-3 200); and stimuli with 
components in lower spectral regions are predicted to be 
stronger than those at higher spectral regions (1200 Hz 
carrier vs. 2000 Hz carrier).  These predictions are met 
by the data.  Note however, that in Figures 2 and 3 pitch 
^3 
strength differences,  both as a function of number of com- 
ponents and component  spacing,   are predicted to become less 
as frequency of lowest component increases.    As  shown in 
Figures  10 and 11,   the results of the present experiment 
actually indicate  a slight trend in the opposite direction. 
That is,   differences  in pitch strength were slightly en- 
hanced at higher frequencies.     Obviously more data points 
on Figures  10 and 11  must be  filled in before  this trend 
is  substantiated but  the results depicted in these figures 
nay be viewed as damaging  to Wightman's theory. 
Recently Ritsma   (1967)   and Bilsen  (1973) have advan- 
ced empirical evidence   that there is   a  "dominant" spectral 
region for the perceptibility of complex stimuli.     This 
dominant region consists of the 3rd,  *fth,  and ?th harmonics 
of the  fundamental  tone.     Dominance is not a theoretical 
concept but simply an empirical phenomenon.     Complexes 
containing dominant  components are found to be relatively 
strong.     Pitch strength predictions based upon the concept 
of dominance and those based on Wightman's theory overlap 
considerably for the   stimuli used in this experiment. 
There are,   however,   conditions in which dominance and 
Wightman's model predict different strength values.     As 
can be   seen in Table   5,   condition M-3 200 has one dominant 
component at the  1200 Hz spectral  region while M-3 "+00 and 
M-5 each have  two dominant components.     At the 2000 Hz 
Mf 
7.0 
60 
h 
£40 
ao 
05101.5    2.0    25     3.0 
Lowest Component (kHz) 
Figure 10.    Variation 
of pitch strength  (N as 
dependent measure) vd.th 
regard to number of compo- 
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Figure 11.  Variation of 
pitch strength (K as depen- 
dent measure) with regard to 
com ;onent spacing, and spec- 
tral region.  Number in paren- 
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TABLE 5 
DOMINANT COMPONENTS  IN THE SPECTRAL REGIONS 
Spectral Region 1200 Hz 2000 Hz 
Dominant Compo- 
nents for a 400 
Hz Fundamental 
1200 Hz 
1600 Hz 
1600 Hz 
2000 Hz 
Dominant Compo- 
nents for a 200 
1    Hz Fundamental 
800 Hz 
1000 Hz 
i 
■f 
1+6 
soectral region condition M-3 200 has no dominant compo- 
nents while M-3 *+00 and M-5 have two and zero dominant 
components,   respectively.     Dominance therefore predicts the 
higher strength of M-3 **00 and M-5,   relative to M-3 200, 
at 1200 Hz;  dominance also predicts the higher strength of 
M-3 1+00 relative  to M-3 200 at 2000 Hz.     What dominance 
does not predict is  the higher  strength of M-5 relative to 
M-3 200,   at 2000 Hz,   or the higher  strength of M-3 ^00 at 
1200 Hz relative  to M-3 *+00 at  1200 Hz.     On the other hand, 
Wightman's theory does account for these data.    In general, 
the data here  seem to be explained more adequately by 
Wightman's autocorrelation model  than by the concept of 
spectral dominance. 
When the results of this experiment are viewed in re- 
lation to the issue of peripheral vs.   central encoding of 
co.-r.plex stimuli and  to Wightman's model of pitch percep-    . 
tion,   it can be  seen that one more  stumbling block has been 
laid in the path of the pitch theoretician.     From the data 
of Houtsma and Goldstein,   it appears  that a Stage 2 pro- 
cess may autocorrelate. the PAP's from both ears to yield 
one complex pitch value.     From the data of the present 
experiment,   however,   it would seem that the Stage 2 pro- 
cess autocorrelates  the PAP's from each ear to yield two 
Pitch values.     Any theory of pitch perception must account 
for this new finding  that pitch perception resulting from 
^7 
binaural  stimulation  seems to be dependent upon the com- 
plexity of the stimuli  at each ear.     A model based on 
autocorrelation must be able to explain why PAP analysis 
sometimes  seems to be performed on the input from both 
ears,   as if all  components were part of one complex tone, 
and other  times as  if the complex input at each ear cor- 
responded to one of two different complex tones. 
The last result that warrants discussion is the sig- 
nificant interaction found betv/een binaural condition and 
spectral region (see Figure 9). This interaction was not 
expected, and is not predicted by any theory. The depen- 
dent measure used in obtaining this interaction was S; 
neither N nor C yielded anything resembling this interac- 
tion. At the present time no explanation can be offered 
for this result. 
k8 
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